Persistent organic pollutants (POPs) are a group of chemicals that are toxic, persist in the environment for long periods of time, and are biomagnified through the food chain. POPs have been linked to various adverse effects on human health, manifesting, for example, in cancers, neurodevelopmental effects and reproductive health outcomes [2] [3] [4] . Since they are distributed globally via the atmosphere, oceans and other pathways, POPs released in one part of the world may contaminate even A retrospective exposure assessment among the general population for polybrominated diphenyl ethers (PBDEs) was conducted using dietary surveys. We analyzed samples of food duplicate portions collected in the early 1980s (1980 survey: N=40) and the mid 1990s (1995 survey: N=39) from female subjects (5 participants from each of 8 sites per survey except for one site) living throughout Japan, from the north (Hokkaido) to the south (Okinawa). The study populations in the 1980 and 1995 surveys were different, but lived in the same communities. We measured four PBDE congeners [2,2',4,4'-tetrabrominated diphenyl ether (tetraBDE): #47; 2,2',4,4',5-pentaBDE: #99; 2,2',4,4',6-pentaBDE: #100; and 2,2',4,4',5,5'-hexaBDE: #153] in the diet. #99 was the most abundant congener in the diet (49% of the remote regions distant from their sources of origin [5] [6] [7] . With the advent of government regulations banning their production and use, the levels of PCBs (polychlorinated biphenyls) in the global environment is thought to have been decreasing since the 1980s 8, 9) . However, alarming evidence has recently been reported. An examination of Swedish human milk samples from 1972 to 1997 showed an exponential increase in polybrominated diphenyl ether (PBDE) levels, with a doubling rate of about 5 yr [10] [11] [12] . Similarly, blood concentrations in pooled samples from Norway showed a 9-fold increase in PBDEs between 1977 and 1999 13) . Recently, we showed that human serum concentrations of PBDEs had increased between the early 1980s and the mid 1990s by approximately 3.6-fold in Japan, and in particular, a 20-fold increase was observed in Shimane Prefecture 1) . The most probable route for exposure of the general population to PBDEs, especially the lower brominated congeners, is thought to be through diet 14, 15) . PBDEs are dissolved in materials, not covalently bonded, so it has been suggested that they may volatilize into the environment 16) . Recently, the contribution of different exposure routes including inhalation has been reported 17) , but the relative importance of each route remains obscure. The major goal of the present study was to investigate the secular trends and geographic variability of PBDEs in the diet from the early 1980s to the mid 1990s in Japan. In this study, we determined the PBDE intake using food samples from the sample specimen bank 1) to evaluate the exposure levels from the dietary route.
Materials and Methods

Target populations from which food samples had been collected
The food samples were extracted from our specimen bank as previously reported 1) . The sampling periods were from 1977 to 1981 (the 1980 survey) 18) and in 1991 and 1997 (the 1995 survey) 19) . Most participants were male farmers and/or their wives, who had lived in rural areas most of their lives. The subject population of the present study was limited to female participants only. Eight sites (Hokkaido, Miyagi, Gunma, Ishikawa, Shimane, Ehime, Kagoshima and Okinawa) were chosen to reflect Japan geographically. Five donors per site per survey were randomly chosen. One sample from Hokkaido in the 1995 survey could not be measured due to unknown reasons, so it was processed as an invalid datum point. The participants in the 1980 and 1995 surveys were not the same individuals, but the two surveys were conducted in the same communities. The 24 h food and drink intake during an ordinary day was collected by each participant, and this process is termed the food duplicate portion method. The food items were combined and homogenized carefully to prevent contamination, and a portion of the homogenate was stored at -20°C in two 1,000 ml polypropylene tubes.
The samples were stored in the same type of plastic tubes for the 1980 and 1995 surveys.
To evaluate the leakage of PBDEs from the polypropylene containers, we conducted extraction experiments using the same types of polypropylene tubes. Ramenta were chipped off from tubes (5 g), and a gram of ramenta was extracted for 24 h.
Verbal informed consent was obtained from all participants in both the 1980 and 1995 surveys. This study was conducted in accordance with national and institutional guidelines for the protection of human rights.
Determination of PBDEs
Four PBDE congeners (IUPAC #s 47, 99, 100 and 153) in the food homogenates were measured by high resolution gas chromatography/high resolution mass spectrometry as previously reported 1, 20, 21) . These congeners were selected because they are the most predominant in the environment 22, 23) . The mass of food homogenates used for the measurement was 0.5 g. The limit of detection (LOD) for each PBDE congener was 0.03 pg/g. The limits of quantification (LOQ) for PBDE congeners #47, 99, 100, and 153 were 0.2, 0.3, 0.3, and 0.4 pg/g, respectively. The daily intake per person of PBDEs in the food was expressed in ng/d.
Statistical analysis
The concentrations of some PBDE congeners were below the LOQ of the analytical method. For these values, we assigned values equal to one-half the LOQ for the statistical calculations. The concentrations of the PBDEs had log-normal distributions, and thus were logtransformed for all analyses. The amounts of PBDE are presented as geometric means (GM) [and geometric standard deviation (GSD) in parenthesis]. When appropriate, the arithmetic means ± standard deviations (M ± SD) and medians are also shown.
Database management and all statistical analyses were performed with SAS software (version 8.2; SAS Institute, Cary NC, USA). Student's t-tests and ANOVA were used for the analyses. A p value less than 0.05 was considered to be statistically significant.
Results
Demographic features of the participants
The demographic features of the participants from the two independent study populations are shown in Table 1 . The study participants in the 1995 survey were significantly older than those in the 1980 survey. Daily food consumption did not differ between the two surveys. There was no significant association between age and daily food consumption (data not shown). However, when adjusted by site, food consumption in the 1995 survey was significantly lower than that in the 1980 survey (p<0.05 two-way ANOVA).
Daily intake of PBDEs through food in the two surveys
The concentrations of all PBDE congeners in the blank samples (10 ml of distilled water) (N=5) were lower than the LOQ. The total daily intake of PBDEs (sum of all four congeners) in the 1980 survey was not statistically different from that of the 1995 surveys in terms of the total population, nor at any specific site including Shimane (Table 2) , where a 20-fold increase in the serum concentrations was observed 1) . For the total population, the GM (GSD) of all PDBEs was 91.4 (4.1) ng/d and 93.8 (3.4) ng/d in the 1980 and 1995 surveys, respectively. Significant regional differences in the total PBDE daily There was no significant association between age and the total daily intake of PBDEs (data not shown).
Dietary PBDE congener patterns and regional differences
The most abundant congener of the dietary PBDEs was #99; the GMs were 38.2 and 31.5 ng/d in the 1980 and 1995 surveys, respectively, which accounted for 56% and 43% of all PBDEs (49% overall). The next most abundant congener was #47 (GMs: 18.8 and 27.9 ng/d), which accounted for 27% and 38% (33% overall) of all PBDEs in the 1980 and 1995 surveys, respectively. Congeners #100 and #153 accounted for 12% and 6% of all PBDEs overall in the two surveys, respectively (Table 3 ).
In the 1980 survey, significant regional differences in daily intakes were observed for #47 and #99, ranging from 0.7 (Shimane) to 146.1 (Hokkaido) ng/d for #47, and from 3.4 (Miyagi) to 263.0 (Hokkaido) ng/d for #99. In the 1995 survey, however, the regional differences in the daily intake of #47 had disappeared, and significant differences were observed only for #99, which ranged from 4.3 (Ehime) to 130.3 (Okinawa) ng/d (Table 3) . It seems that the degree of contamination had become more homogeneous in Japan during the 15-yr period.
Discussion
The total daily intake of PBDEs in Europe has recently been reported to range from 44 to 97.3 ng/d 15, 24, 25) . We found that the total PBDE intake levels in the 1980 and 1995 surveys were higher than those in Finland 24) , but comparable to those in the UK and Spain 15, 25) . Secular trends in the dietary intake of PBDEs were also investigated in this study. We previously reported a 3.6-fold (in all of Japan) and a 20-fold (in Shimane) increase in PBDE serum concentrations during the 15-yr period using the same populations 1) . Despite these increases in the serum concentrations, an increasing trend in the daily intake of PBDEs via food was not found in this study. This discrepancy suggests that a route of entry other than food is responsible for PBDE exposure in Japan. In the case of Shimane, the effect of a huge computer-manufacturing factory in the community was suggested, because PBDEs had been used as a flame retardant in plastics of computers 1, 26) . A recent study estimated the daily human exposure to PBDEs to be 6.9 ng via inhalation and 90.5 ng via diet in the U.K., although the relative significance of inhalation might vary considerably between individuals with relation to the number of electrical appliances and polyurethane foamcontaining chairs in the room or the amount of ventilation 15) . That report apparently disagrees with our present study. However, consistency seems to exist between the two studies in terms of the variability of the relative significance of inhalation between different groups. Further investigation is required, and we are now collecting human breast milk samples from the Shimane community to monitor levels of PBDEs.
In the present study, the content of the diets were not evaluated. However, our previous study on fish consumption using the same population showed that their daily intake of fish in the 1995 survey was approximately 50% lower than that in the 1980 survey 1) . Fish and shellfish have been reported to contribute most to PBDE exposure via the diet, and the proportion was about onethird of the total intake of PBDEs 25) . The contribution from fish, however, is thought to be smaller than that of PCBs (80%) 24) . Further studies are required to determine high risk foods other than fish.
We also observed decreased regional variation in the contaminants. This seems to reflect the historic and current use of PBDEs. Brominated flame retardants (BFRs) are typical consumer products of PBDEs. They were manufactured and frequently used 10-20 yr ago, and are now being disposed of in Japan 14) . Thus, decreased regional variation in the dietary intake of PBDEs seems to come from the diffusion of consumer products of PBDEs. Detailed studies on the PBDE congeners in consumer products are required.
Information about human exposure to POPs in the Japanese population is limited 27, 28) , and detailed secular trends on POPs from various geographic areas in Japan have not been previously reported. We believe this is the first report from Japan on long-term secular trends for PBDE exposure via diet, which includes not only a chronological trend but also covers geographic variability.
The present study has several limitations. First, it would be questionable whether the food duplicate portion method represents long-term exposure through diet. However, it has been shown that the food duplicate portion sample method is reliable for exposure assessment 29, 30) . Thus, this perceived limitation seems not to jeopardize our findings. A second limitation would be the size of the study population and the female bias of the population. However, previous studies using paired samples of food and blood conducted by Ikeda and colleagues have demonstrated that this size of sampling accurately reflected longitudinal cadmium exposure levels among Japanese, including both males and females 31) . However, the exposure levels in the present study cannot be directly extrapolated to those in urban centers. Finally, a deca-brominated product, which is almost entirely composed of decabromodiphenyl ether (#209) 14) , has been reported to be a major PBDE congener in Japan 32) . However, we did not evaluate this congener due to analytical difficulties.
Despite these limitations, the present study provides basic information toward resolving the complicated mode of contamination of PBDEs, and subsequent human exposure. Further comprehensive study is needed to elucidate the relative contribution of each route of exposure to PBDEs over recent decades in the Japanese population.
